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oncology, in which it is used for staging, treatment planning, response assessment, prognostication, and recurrence monitoring, but also in cardiology, neurology, and infectious disease (1, 2) . We now have several systematic reviews and decision and economic analyses of PET in various clinical contexts, as well as methodologic appraisals of randomized controlled trials (RCTs) in which PET was used as a comparator (3) (4) (5) . Yet, the widespread adoption and reimbursement of PET has proven controversial. In addition to the high cost of the technology, there are frequent disagreements about the strength of the evidence supporting its various applications (6) .
In this issue of The Journal of Nuclear Medicine, Siepe et al. report an up-to-date methodologic appraisal of 14 published and 15 planned RCTs of PET (7) . They found that trials See page 1228 typically used comparators that reflected current clinical practice (at the time of conduct) but often did not provide evidence on patient-important outcomes and had sample sizes that were too small to allow for the reliable detection of differences in such outcomes. Readers could benefit from additional information about the clinical context and the intended use (e.g., clinical setting and specific management context) and role (e.g., as a replacement, add on, triage) of PET in the included trials, but such information is often poorly reported in the primary studies.
Siepe et al. (7) provide a thoughtful summary of randomized evidence on PET; however, it is important for readers to keep in mind that not all aspects of the evaluation of PET, or indeed any medical test, require randomized studies. In this invited perspective, we highlight challenges in comparative effectiveness research on medical tests as they apply to PET and argue that methodologic pluralism-a flexible, multifaceted approach to the choice of research methods-is more appropriate for the evaluation of this technology.
FUNDAMENTAL CHALLENGES IN THE EVALUATION OF MEDICAL TESTS
The assessment of medical tests poses 2 fundamental challenges for clinical researchers. First, the impact of tests on patient-centered outcomes is primarily indirect. Tests provide information that may modify patients' and physicians' thinking and can influence subsequent diagnostic and therapeutic decisions. Thus, the impact of tests on patient outcomes is typically mediated by the intervening medical care. Importantly, testing has an effect only among the subset of patients for whom test results influence management and, of those, only among the subset for whom changes in management impact outcomes (8) . The magnitude of the effect of a test depends crucially on the effectiveness of subsequent care strategies.
Second, when evaluating medical tests, researchers must consider multiple variants of the technology of interest-a situation that is not usually encountered in studies of well-defined therapeutic interventions. PET exemplifies this problem because of the large number of tracers, image acquisition techniques, and qualitative and quantitative assessment methods that define alternative imaging protocols. Additional variability is introduced by differences in image interpretation among providers and the rapid evolution of PET technology over time. Further, decision makers are generally interested in comparisons of the various PET-based strategies against all feasible alternative testing strategies, not only against not using PET. As technology advances, an increasing number of PET-based and non-PET-based technologies (e.g., PET combined with MR imaging and other morphologic imaging modalities) will become available, and their comparative effectiveness will have to be evaluated.
These fundamental challenges have important implications for the assessment of PET. First, it should be clear that comprehensive studies comparing alternative testing strategies with respect to test performance, impact on patient management, and patient-relevant outcomes in a single population of interest are almost never available. Thus, synthesis methods are needed to piece together the evidence puzzle comprising separate studies of the impact of various tests and test-directed treatments on outcomes across heterogeneous populations. When such diverse sources of evidence are considered, global subjective judgments on whether a test works are often inadequate, and formal methods for evidence synthesis are needed (9) .
Second, the availability of many PET variants, the multitude of clinical contexts in which PET can be used, and the large number of competing technologies mean that RCTs addressing a specific clinical use of PET will by necessity be scarce. The cost of conducting trials comparing all tests of interest in every pertinent clinical setting is simply prohibitive. Because PET, like any test used to inform patient management, affects outcomes only on a subset of enrolled participants (those for whom it suggests a change in management and for whom that change affects outcomes), designing and conducting adequately powered studies-particularly RCTs-is bound to be difficult. Thus, it is unrealistic to expect that decisions about the adoption or coverage of PET should be exclusively based on direct randomized comparisons. Further, not making full use of the large number of nonrandomized studies of PET leads to an ever-expanding list of topics for which evidence is labeled insufficient for decision making.
THE NEED FOR METHODOLOGIC PLURALISM IN THE ASSESSMENT OF PET
To overcome the challenges in assessing the clinical value of PET, we need a flexible, multifaceted approach for efficient evidence generation and synthesis. The many proposals for a phased assessment of medical tests, using hierarchic schemes that encompass technical validity, clinical validity, clinical utility, and economic or societal impact, are important for addressing this need (10) . In broad terms, evidence is needed on the diagnostic or predictive accuracy of PET in specific clinical contexts; on the impact of the information from PET on subsequent diagnostic and therapeutic decisions; and on the impact of the use of PET on patient outcomes, including morbidity, mortality, and quality of life and functioning (11) . The generation of such evidence requires cascades of studies, each with its own design and analysis requirements. Operationalizing this research agenda requires embracing methodologic pluralism as a necessary aspect of the evaluation process (12) .
Broader and higher-quality nonrandomized studies of PET should be conducted, and new methods for their synthesis need to be developed. Despite the availability of a large number of cohort studies on the test performance of PET in various clinical settings, more studies are needed that compare test performance among alternative PET-based strategies and competing modalities (e.g., using paired designs with multiple tests applied in the same group of patients) (13) . Future studies of test performance should aim to minimize bias (14) (15) (16) and report findings in a way that facilitates synthesis (17) . Methodologic advances could lead to more informative evidence synthesis of PET studies. Most test performance meta-analyses to date are focused on a single test modality and use relatively simple statistical methods that do not take full advantage of the available data (4). New methods, along with better reporting in individual studies, would allow meta-analyses to provide estimates of comparative test performance (18) . More importantly, the synthesis of studies of test performance should be viewed as the first step toward modeling assessments of the impact of testing. These assessments can provide quantitative summaries of the evidence and projections useful for clinical decision making and can also be used to plan future research.
Often perceived as the last step in test evaluation (in the form of decision or cost-effectiveness analysis), modeling can instead serve multiple roles throughout the process (19) . Mathematical models can be used to communicate assumptions; summarize and extrapolate empirical findings; design future studies; and incorporate information on costs, patient preferences, and clinical outcomes. For example, modeling is the most suitable approach for deciding if PET is accurate enough in a particular clinical context to warrant its inclusion in clinical care strategies and in adaptive clinical trials. Modeling efforts can be substantially strengthened by the conduct of studies assessing the impact of testing on intermediate outcomes, such as the impact of tests on diagnostic or therapeutic decisions (20, 21) . These studies provide a critical link in the chain of evidence between test performance and clinical outcomes. Combined with evidence on the effectiveness of specific treatments, they can be used to quantify the impact of tests on outcomes, to identify tests that do not require further evaluation (e.g., if their impact on therapeutic decisions is negligible), and to inform the design of future comparative studies (e.g., by facilitating realistic power calculations) (22) . Modeling is also helpful when data on benefits and harms of testing need to be considered jointly with economic costs and patient preferences (values).
Tests that appear most promising can be evaluated further using routinely collected data. Observational studies of alternative test strategies-especially when based on large databases of previously collected data (e.g., claims records, registries)-can be used to study large samples of patients who are representative of those seen in clinical practice (23) . Such studies can be used to assess comparative test performance, but more importantly, they can be used to assess the impact of tests on clinical outcomes and costs. Currently available data sources are, in many cases, inadequate for the assessment of medical tests; however, richer datasets (e.g., incorporating data from electronic health records) are becoming available and hold substantial promise in the assessment of tests.
In some cases, the evidence from test performance studies, observational comparative studies, and modeling will be enough to support the use of tests in clinical practice. Occasionally, the decision can be based on heuristic rules (24) ; but, in most cases, mathematical modeling will be needed to combine information across studies and perform sensitivity analyses to assess the impact of modeling assumptions (25) . When evidence is deemed insufficient, RCTs may be required. In general, simple parallel group RCTs are unlikely to be the most efficient design (26) . For example, paired designs, in which all patients receive 2 (or more) tests, but only those with discrepant results are randomized to alternative treatments, are more efficient (27) . A common limitation of RCTs is that they cannot provide information on all relevant patient populations, either because the target populations are too small or because the trials themselves use restrictive selection criteria. Novel methods and observational data can be leveraged to assess the representatives of RCT populations and to extrapolate trial results (28, 29) .
In summary, state-of-the-science evaluation of PET should use a broad range of methods. RCTs, when available, are likely to be only a small part of the evidence base for PET and should be understood to represent only one of the many possible inputs required for comprehensive evaluation. When available, evidence from RCTs should be synthesized with that from other sources, underscoring the broad utility of mathematical modeling in the evaluation of tests. Modeling can provide a unifying framework for the efficient generation and synthesis of evidence to inform clinical and policy decisions regarding PET.
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